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PhagocytosisFlow cytometry was evaluated for its capacity to detect and distinguish a wide size range (20–2000 nm)
of ﬂuorescent polystyrene particles (PSPs). Side scatter and ﬂuorescence parameters could predict dis-
persed PSP sizes down to 200 nm, but the forward scatter parameter was not discriminatory. Confocal
microscopy of ﬂow-sorted fractions conﬁrmed that dispersed PSPs appeared as a single sharp peak on ﬂu-
orescence histograms, whereas agglomerated PSPs were detected as smaller adjacent peaks. Particles as
small as 200 nm could also be detected by ﬂow cytometry after they were ﬁrst phagocytized by J774A.1
murine macrophages. Confocal microscopy demonstrated that these PSPs were internalized within the
cytoplasm. MTT [3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide] and calcein–AM
(acetoxymethyl ester) assays showed that they were not cytotoxic. Internalized PSP size correlated to
both cellular side scatter (R2 = 0.9821) and ﬂuorescence intensity (R2 = 0.9993). Furthermore, PSPs of var-
ious sizes could be distinguished when J774A.1 cells were loaded with a single size of PSP and mixed with
cells containing other sizes. However, spectra of cells loaded with a mixture of PSP sizes resembled those
containing only the largest PSP. These data demonstrate the capacity and limitations of
phagocytosis-coupled ﬂow cytometry to distinguish between dispersed and agglomerated states and
detect a wide size range of particles.
Crown Copyright  2015 Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).Nanoparticles (NPs)1 are typically in the range of 1 to 100 nm in
one dimension and are increasingly being used in industrial and
commercial products. With the growing interest in manufactured
NPs, there is a need for research into possible health effects from
human exposure. The reliability of toxicity studies hinges on the
ability to quickly and easily detect, quantify, and characterize NPs
before and during mammalian cell exposure. In biological culture
medium, these NPs often exist as a mixture of well-dispersed pri-
mary particles and poly-dispersed agglomerates, which can reach
up to several microns in diameter. The mono-dispersed state of
NPs is known to exert unique cytotoxic effects on cells compared
with agglomerated NPs [1,2]. This differential cytotoxicity is largelydue to differences in the physicochemical characteristics and stabil-
ity of the two particle states.
During the exposure of primary/nanometer- or agglomerated/
micron-sized particulatematter,macrophages are an important cell
type for elicitation of immunological signaling, destruction of the
particles, and/or clearance fromthe tissues. These responses arepre-
ceded by internalization of the particles into the macrophage
through a process called phagocytosis. Although several particle
characteristics are involved in particle–macrophage recognition,
particle size is known to be an important determinant [3].
As a ﬁrst step toward analyzing toxicity of nanomaterials in
macrophage, it would be important to conﬁrm internalization with
an analytical method capable of measuring a wide size range of
particles. Several specialized techniques are available for providing
analytical data on dispersed particles. These include spectroscopy,
dynamic light scattering, chromatography, and ultraﬁltration.
However, there are still limitations with accurately measuring both
dispersed particles and suspended agglomerates of a wide size
range, especially during cellular exposures and uptake by various
mammalian cells. Flow cytometry has been used previously for
particle detection, but a limitation has been its lack of sensitivity
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issues have been partially resolved using mammalian cells as NP
carriers. For example, metallic NPs such as titanium oxide, silver,
and iron oxide ranging in size from 5 to 5000 nm have been
detected within Chinese hamster ovary cells [5]. Zucker and
coworkers showed that forward and side scatter could detect the
cellular uptake into retinal pigment epithelial cells and distinguish
various concentrations of titanium oxide NPs within retinal pig-
ment epithelial cells [6]. Other publications have described the
use of macrophage cells for detecting larger particles. For example,
20- and 200-nm polystyrene beads could be detected by shifts in
ﬂuorescence spectra following uptake by J774A.1 cells [7]. Leclerc
and coworkers examined the detectability by ﬂow cytometry of
1- and 2-lm polystyrene particles taken up into RAW 264.7 cells
[8]. However, publications involving phagocytes did not attempt
to demonstrate whether different particle sizes could be distin-
guished. Here, we addressed whether macrophage-mediated
phagocytosis can be used to distinguish a wide range of particle
sizes by eliminating the size uptake restrictions inherent to non-
phagocytic cells. In addition, we show that particle agglomeration
can be detected by ﬂow cytometry and particle size can be distin-
guished following phagocytosis.
To demonstrate the methodology, we selected nonmetallic
polystyrene particles (PSPs) that ranged from 20 to 2000 nm in
diameter. These spherical particles are loaded with a ﬂuorescent
dye, are relatively photostable, and are consistently available from
one commercial supplier. We tested the capacity of ﬂow cytometry
to detect both dispersed and phagocytized PSPs, determined the
limits of detection for particle size and concentration, and mea-
sured the degree of particle agglomeration.Materials and methods
PSP source and preparation
Yellow–green FluoSpheres (Life Technologies, Burlington,
Ontario, Canada, Cat. No. F8888) were used in this study. These
PSPs are hydrophilic, negatively charged, and carboxylate-
modiﬁed. They have an excitation wavelength of 505 nm and an
emission wavelength of 515 nm, and they can be excited using a
488-nm argon ion laser. The PSPs were diluted directly from the
commercial stock,whichwasstoredaccording to themanufacturer’s
recommendation at 4 C. The PSPswere brieﬂy vortexed before each
use.Cytometry of dispersed PSPs
Flow cytometry was conducted with a BD FACSCalibur (BD
Biosciences, San Jose, CA, USA) with software for data acquisition
and analysis (BD CellQuest Pro). All histograms and dot plots were
created and analyzed using FCS Express 3 (De Novo Software, Los
Angeles, CA, USA). Particles were analyzed at concentrations rang-
ing from 101 to 108 PSPs/ml diluted in cell culture medium
(Dulbecco’s modiﬁed Eagle’s medium [DMEM] containing 10% fetal
bovine serum, 25 mM glucose, 2 mM glutamine, and 50 lg/ml gen-
tamicin). This culture medium was used as the PSP diluent because
it generated low particle agglomeration, as indicated by low coef-
ﬁcients of variation (CVs) in forward scatter measurements. The
cytometer was calibrated daily using BD Calibrite Beads (BD
Biosciences). Gates were set for each PSP size class individually,
and then these same parameters were used to examine PSP size
mixtures.
To demonstrate the ability to distinguish fractions that con-
tained either single or agglomerated samples, PSPs dispersed in
spectral-grade double-distilled water (ddH2O) were sorted with aSynergy Fluorescence Activated Cell Sorter (iCyt SY3200, Sony
Biotechnology, San Jose, CA, USA) based on the location of ﬂuores-
cence spectra (see Fig. 2A and B in Results).
Microscopy of dispersed PSPs
PSP size distribution was veriﬁed with a confocal microscope
(Nikon C1 with 488-, 543-, and 633-nm lasers connected to a
Nikon TE2000 inverted microscope with epiﬂuorescence optics,
Nikon Instruments, Melville, NY, USA) or a ﬁeld emission transmis-
sion electron microscope (LVEM5, Delong America, Montreal,
Quebec, Canada). Each PSP stock solution was diluted 100-fold in
spectral-grade ddH2O, deposited on either copper grids coated
with ultrathin carbon on lacey carbon (Ted Pella, Redding, CA,
USA) for the LVEM5 or glass slides (Fisher Scientiﬁc, Ottawa,
Ontario, Canada) for confocal microscopy, and permitted to dry
overnight at room temperature. For confocal microscopy, approxi-
mately 8 ll of Prolong antifade solution (Life Technologies) and a
coverslip were placed over each sample. Size measurements after
image acquisition were conducted with Nikon NIS Elements BR
2.30 software.
Cell culture and PSP exposures
Mouse macrophage-like cells, J774A.1, were obtained from the
American Type Culture Collection (ATCC, Rockville, MD, USA).
Methods used for cell culture maintenance in DMEM have been
described previously [9,10]. For PSP exposures, J774A.1 cells were
seeded at a concentration of 4  105 cells/ml into six-well plates,
either with (microscopy studies) or without (cytometry studies)
sterilized glass coverslips. After allowing cells to attach overnight,
medium was changed and cells were treated for 24 h at 37 C with
PSPs at various concentrations ranging from 101 to 108 PSPs/ml.
Flow cytometry following J774A.1 cell exposure
Following uptake of particles by J774A.1 cells, spent culture
medium was discarded and the cell monolayer was rinsed with
phosphate-buffered saline (PBS) and then ﬁxed in situ for 5 min
with 4% (w/v) paraformaldehyde diluted in PBS. The monolayer
was rinsed again with PBS and scraped from the well surface,
and the resulting cell suspension was transferred into 5-ml poly-
styrene round-bottom Falcon tubes (12  75 mm, Fisher
Scientiﬁc) for ﬂow cytometric measurements. All measurements
were gated for the viable J774A.1 cell population.
Microscopy following J774A.1 cell exposure
Medium was discarded, and the cell monolayer was rinsed with
PBS and ﬁxed in situ for 5 min with 4% (w/v) paraformaldehyde
and 0.1% Triton X-100 in PBS. After rinsing with PBS, cells were
incubated with 1:40 rhodamine/phalloidin (Life Technologies)
diluted in PBS, rinsed again, and incubated with 0.25% (v/v)
Sytox Red diluted in PBS, after which the cell monolayers were
rinsed again with PBS. The coverslip was placed cell side down over
a drop of Prolong antifade. Samples were dried in the dark at room
temperature and viewed the following day.
J774A.1 cell viability
Two different viability assays were performed to determine
whether the addition of PSPs altered cellular metabolism or caused
cell death. The MTT [3-(4,5-dimethylthiazol-2-yl)-2,5-diphenylte
trazolium bromide, Sigma–Aldrich, Oakville, Ontario, Canada]
bioreduction assay was used to reveal cellular metabolism changes
as a result of PSP exposure. The details of this assay have been
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into each well of a 96-well plate and permitted to reach approxi-
mately 80% conﬂuency. The monolayers were exposed for 24 h
with various sizes and concentrations of PSPs (10–108 PSPs/ml).
MTT was added at a ﬁnal concentration of 1 mg/ml to each well.
After 1 h at 37 C, exposure supernatants were removed and
replaced with 100 ll of dimethyl sulfoxide (DMSO). Optical density
(OD) of each sample was measured at 505 nm on a SpectraMax 190
microplate reader and analyzed using its SoftMax Pro software
(Molecular Devices, Sunnyvale, CA, USA).
The calcein–AM (acetoxymethyl ester) Live/Dead Assay (Life
Technologies) was used to verify the results obtained with the
MTT bioreduction assay. This assay was performed according to
the manufacturer’s instructions on a BD LSRFortessa or
FACSCalibur cytometer (BD Biosciences). Brieﬂy, cell exposure to
PSPs for 24 h was followed by the addition of 0.019 lg/ll calcein
stain to each cell sample. Cells were scraped from the dish and
immediately read on the cytometer without ﬁxation. Data were
acquired and analyzed using the FACSDiva software (BD
Biosciences). Autoﬂuorescence from cells alone was less than 1%
of control cells treated with calcein.
Results
Measurement of PSP size by microscopy methods
To conﬁrm their size, PSPs were visualized by confocal ﬂuores-
cence microscopy and low-voltage electron microscopy after dry-
ing them onto either glass slides or electron microscopy grids.Fig.1. PSP size distribution. PSPs were diluted 100-fold in ddH2O, deposited onto either
48 h. (A–C) Low-voltage electron micrographs of 20-nm PSPs (A), 100-nm PSPs (B), and 2
500-nm PSPs (D), 1000-nm PSPs (E), and 2000-nm PSPs (F). The inset in panel F shows 20
The scale bar of the inset represents 10 lm. Panels G-1 and G-2 show graphical summa
images, respectively. Each bar represents the mean diameter ± standard deviation (n = 2Fig. 1A–C show electron microscopy micrographs corresponding
to the 20-, 100-, and 200-nm PSPs, respectively. Fig. 1B and C also
show the lacey carbon that is used to support the ultraﬁne carbon
over the grid surface. Fig. 1D, E, and F show confocal micrographs
of the 500-, 1000-, and 2000-nm PSPs. Both microscopy methods
were necessary for enumeration purposes and for observing the
entire size range of PSPs. PSPs were generally well dispersed,
although some agglomeration was apparent. Confocal microscopy
demonstrated a minimum size limitation for clear visualization
in the range of 500 nm (Fig. 1D). The inset in Fig. 1F shows the lar-
gest PSPs (2000 nm) after phagocytosis into adherent
macrophage-like J774A.1 cells. This experiment demonstrated that
measurements could also be done following cellular uptake with
larger particles that could be visualized by confocal microscopy.
No statistically signiﬁcant difference in PSP diameter was observed
between extracellular and intracellular PSPs.
The diameters of unphagocytized PSPs were measured using
electron (Fig. 1G-1) and confocal (Fig. 1G-2) microscopy and image
analysis software. The mean diameters ± standard deviations of the
20-, 100-, 200-, 500-, 1000-, and 2000-nm PSPs by these micro-
scopy methods were determined to be 33.0 ± 3.9, 138.6 ± 10.2,
216.5 ± 7.7, 703.3 ± 96.4, 1103.3 ± 106.6, and 2036.7 ± 109.8 nm,
respectively.
Size discrimination of PSPs by ﬂow cytometry
Flow cytometry was performed to determine its utility for
detection of unphagocytized PSPs (Fig. 2). Fig. 2A shows side scat-
ter versus forward scatter plots for variously sized PSPs (108ultrathin carbon on lacey carbon copper grids or glass coverslips and air-dried for
00-nm PSPs (C). Scale bars represent 1000 nm. (D–E) Confocal microscopy images of
00-nm PSPs following uptake by J774A.1 macrophages. Scale bars represent 60 lm.
ries of PSP size measurements corresponding to electron (A–C) and confocal (D–F)
0 for 200-, 100-, and 20-nm PSPs; n = 30 for 500-, 1000-, and 2000-nm PSPs).
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regions of the plot area. Interestingly, tight side scatter properties
were associated with each sized particle with the exception of
1000-nm beads, which formed two distinct clusters. The forward
scatter properties of all particles were much more dispersed rela-
tive to side scatter. Further analysis of the ﬂuorescence emitted
from the particles demonstrated that each size class consisted of
multiple populations (Fig. 2B). In an effort to understand the nat-
ure of these distinct populations, PSPs from these peak areas were
selectively puriﬁed by ﬂuorescence-activated cell sorting. On
examination of these sorted fractions by confocal microscopy, it
was observed that the dominant peak consisted exclusively of dis-
persed PSPs and the smaller adjacent peak consisted of agglomer-
ated samples (Fig. 2C). The micrographs shown in Fig. 2C
corresponded to the major two peaks sorted from the 500-nm
sample histogram shown in Fig. 2B. Similar dispersed and agglom-
erated PSPs were recovered from 2000- and 1000-nm fractions, but
the 200-nm PSPs could not be resolved by confocal microscopy.
Exposure of J774A.1 to PSPs
Initial exposures of PSPs to J774A.1 cells were done to character-
ize the uptake of the PSPs and to determine the extent of their tox-
icity. Examination by confocal microscopy during exposure
demonstrated that nearly all particles were internalized into the
cells. The PSPs were localized in the cytoplasm surrounding theFig.2. Discrimination of PSP sizes by ﬂow cytometry. Various sizes of PSPs were detected
culture medium. After mixing the different sizes, gating parameters were used to detec
discrete size regions from a mixed PSP size population. Two regions were associated with
(B) Fluorescence histogram showing various PSP sizes diluted in mammalian cell cultu
micrographs of 500-nm ﬂow-sorted fractions corresponding to the two 500-nm peaks sh
left peak in panel B. The right micrograph shows agglomerated PSPs eluted from the rignucleus (Fig. 3B and C). Three-dimensional confocal scanning of
the entire cell volume conﬁrmed that the PSPs were taken up into
the cells and not merely positioned on the cell membrane. Themin-
imal detection limit by confocalmicroscopy for PSPsP 500 nmwas
104 PSPs/ml, but greater resolution resulted from concentrations
between 106 and 108 PSPs/ml. Concentrations >108 PSPs/ml
resulted in obscured visualization of the cell monolayer from the
high number of PSPs. The smaller PSPs (20, 100, and 200 nm) were
not visible within cells by confocal microscopy, and observing these
smaller particles by electron microscopy was unsuccessful due to
the low electron density of polystyrene, which confounded distin-
guishing them among the granular cytoplasmic background.
The toxicity of the PSPs was investigated using two commonly
used assays: MTT and calcein–AM. The MTT assay measures the
enzymatic reduction of MTT into MTT formazan, which can be
quantiﬁed by spectrophotometry. Fig. 3D shows that even at the
relatively high concentration of 108 PSPs/ml, there was no signiﬁ-
cant toxicity as evaluated by the MTT assay. To ensure that the
PSPs were not interfering with the viability assay itself, an alter-
nate assay that measured a different cellular target was employed.
The calcein–AM assay is based on intracellular esterase activity.
These results corroborated those of the MTT assay in that no
changes were observed compared with saline exposures
(Fig. 3D). The 2000-nm PSP exposure caused some elevated ﬂuo-
rescence, but the difference compared with saline-treated cells
was not statistically signiﬁcant.by ﬂow cytometry. For each size, 108 PSPs/ml was diluted and gated in mammalian
t distinct size populations. (A) Forward versus side scatter dot–plot demonstrating
the 1000-nm PSPs, which may represent dispersed and agglomerated populations.
re medium. Multiple peaks were associated with each size class. (C) Fluorescence
own in panel B. The left micrograph shows mono-dispersed beads eluted from the
ht peak in panel B. Scale bars represent 50 lm.
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Several ﬂow cytometry experiments were designed using
PSP-exposed J774A.1 cells to determine what information could
be obtained from cells that had taken up the PSPs. For these exper-
iments, J774A.1 cells were exposed to puriﬁed particles of various
sizes using a constant concentration of 108 particles/ml. Cells con-
taining intracellular PSPs could be discriminated from unexposed
cells based on either mean side scatter or ﬂuorescence intensity
(Fig. 4). Using spectra such as the one shown in the inset of
Fig. 4A (side scatter) and Fig. 5A and B (ﬂuorescence), standard
curves were generated for side scatter (Fig. 4A) and ﬂuorescence
intensity (Fig. 4B). Fig. 4 demonstrated that the size of the particles
to which the cells were exposed was highly related to both the side
scatter (R2 = 0.9821) and ﬂuorescence properties (R2 = 0.9993) of
the cells. The lower limit of discrimination was 200 nm using both
parameters. Although the smallest PSP size classes (100 and
20 nm) were detectable, their ﬂuorescence was only marginally
above background ﬂuorescence. A notable difference between side
scatter and ﬂuorescence spectra was the wide distributions
between the ﬂuorescence intensity means of the particle size
classes and those of the side scatter measurements.
To determine whether the PSP concentration was predictable,
log10 dilutions from 101 to 108 PSPs/ml were tested for relation-
ships with side scatter and ﬂuorescence. No linear concentration
curve could be generated with side scatter measurements,
although 108 PSPs of the 2-lm size class resulted in a signiﬁcant
elevation of cellular side scatter compared with the other sizes
and concentrations (data not shown). All other PSP concentrations
showed similar side scatter values. In contrast, ﬂuorescence of the
PSPs showed a concentration-dependent increase in ﬂuorescence
intensity between 103 and 108 PSPs/ml (data not shown).
To determine whether cells containing different PSP sizes could
be discriminated, the mean ﬂuorescence of J774A.1 cells exposedFig.3. Uptake by J774A.1 cells and cytotoxicity. (A–C) J774A.1 cells were incubated wit
stained with rhodamine–phalloidin for ﬁbrous actin (red) and with Sytox for nuclear DNA
(D) Treated cells were also tested for their capacity to enzymatically reduce MTT to fo
presented as the averages of three separate experiments ± standard errors. (For interpreta
version of this article.)to either 200-, 500-, 1000-, or 2000-nm particles was analyzed
(Fig. 5). Fluorescence intensity was used to discriminate cells in
these experiments as opposed to side scatter because the ﬂuores-
cent parameter provided the widest distributions of means
between particle size classes compared with side scatter spectra
such as those shown in the inset of Fig. 4A. Macrophages, each con-
taining a single size class, were measured individually for their ﬂu-
orescence intensity, and their spectra were overlaid to generate the
line traces shown in Fig. 5A–D. When these macrophages were
pooled so that there was a mixture of J774A.1 populations, each
containing a single size of PSPs, the spectra appeared to be super-
imposable with the macrophages containing individually mea-
sured size classes (shaded vs. line traces), indicating that the size
of PSPs within macrophages was predictable (Fig. 5A and B).
Next, J774A.1 cells were exposed to a mixture of different-sized
particles to determine whether cells containing each of the four
bead sizes could be detected. As shown in Fig. 5C and D, small pop-
ulations of cells containing predominantly 200-, 500-, or 1000-nm
beads could be observed (small shaded peaks). However, the
majority of cells displayed ﬂuorescent properties resembling those
of macrophages containing only the largest particles (2000 nm).
Discussion
We demonstrated that unphagocytized, dispersed polystyrene
particles could be distinguished from agglomerated ones by ﬂow
cytometry and that particle sizes could be distinguished both
before and after internalization by macrophage-like J774A.1 cells.
Polystyrene NPs could not be detected by the ﬂow technique.
The assay, termed phagocytosis-coupled ﬂow cytometry, uses the
fact that monocytes have a strong capacity for particle uptake com-
pared with other cell types [11]. J774A.1 cells were chosen for this
study because, similar to other monocytic cells, they have an inher-
ent ability to internalize particles differing in size and composition.h either PBS (A) or 500-nm PSPs (108 PSPs/ml) (B and C) for 24 h. Cells were then
(blue) and were examined by confocal microscopy. The scale bar represents 20 lm.
rmazan or reduce calcein–AM to calcein as measures of cellular viability. Data are
tion of the references to color in this ﬁgure legend, the reader is referred to the web
Fig.4. Size discrimination of intracellular PSPs. (A) Summary standard curve
derived from side scatter spectra (inset example) of J774A.1 cells alone or
preloaded for 24 h with different PSP sizes (20, 100, 200, 500, 1000, and
2000 nm). (B) Summary standard curve of ﬂuorescence intensity from J774A.1
cells loaded for 24 h with the same PSP sizes. The inset in panel B is a magniﬁcation
of the three smallest PSPs shown for clarity. The data in panels A and B represent
the means of ﬁve or six independent experiments ± standard errors. Curve ﬁts and
regression analyses were created assuming a conservative second-order polynomial
distribution.
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THP-1 also have demonstrated uptake of a wide size range of poly-
styrene particles [12,13] and may function equally well with this
method. In situ, macrophages are important cells for the clearance
of particulate matter. In one study, polystyrene particles (20–
1000 nm) intranasally exposed to Balb/c mice resulted in uptake
by mainly alveolar macrophages [14]. Several factors govern the
efﬁciency of particle uptake. Particles in the bloodstream may be
uncoated or opsonized and then recognized by macrophage recep-
tors [15]. In their unopsonized state, PSPs are recognized by a class
of scavenger receptors called MARCO (macrophage receptors with
collagenous structure) [16]. These experiments involved COS-7
cells that were engineered to express MARCO. The complementary
DNA (cDNA) for MARCO was reverse-transcribed from RNA iso-
lated from lipopolysaccharide (LPS)-induced J774A.1 cells, which
is the same cell line as that used in our study. In another study,
amphiphilic hydrogel NPs were taken up through clathrin-coated
pit endocytosis into J774A.1 cells, but other pathways were also
involved [17]. Whether a combination of these mechanisms is
involved in PSP recognition and uptake in our model is currently
not known.
The detectability of particles within cells would obviously be
dependent on low toxicity toward macrophages. Using two sepa-
rate cytotoxicity assays, our data showed that the anionic carboxy-
lated PSPs were relatively inert even at the highest exposure
concentration tested (108 PSPs/ml). Our exposures were restricted
to 24 h. We are uncertain how long the particles persist withinthe cells and whether longer duration exposures could have gener-
ated toxicity. However, our experience with various NPs and cell
types suggests that if PSP exposure resulted in toxicity as measured
with the MTT assay, we would have observed it by 24 h of exposure
[18–21]. The lack of toxicity we observed has also been noted by
others using lactate dehydrogenase (LDH) release assay for effects
of 20- and 200-nm carboxylated beads in J774A.1 cells [7,8].
Some reports have described that cationic particles are much more
toxic. For example, 1-lm cationic PSPs (NH2–polystyrene) exposed
to RAW 264.7 macrophages were signiﬁcantly toxic using the MTS
[3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-
sulfophenyl)-2H-tetrazolium] assay compared with either nonla-
beled or anionic PSPs [22]. The mechanism of toxicity that was
observed with the PSPs was caused by elevated mitochondrial
Ca2+ and cell death. This mechanism was notably different from
that of metallic nanomaterials, which generated free radicals
resulting in cellular oxidative stress. Liu and coworkers also
observed that 50-nm NH2–polystyrene caused disruption of NIH
3T3 cell membrane integrity (LDH release), accumulation of cells
in the G0/G1 cell cycle phase, and reduced levels of cyclins D and
E [23]. In contrast, COOH–polystyrene did not cause any effect on
the cell cycle and caused only minimal effects on cellular integrity.
Another study that examined the toxicity of polystyrene in
macrophages was conducted by Leclerc and coworkers [8].
Carboxylated 2-lm-diameter or aminated 1-lm-diameter ﬂuores-
cent particles were exposed to RAW 264.7 cells. Similar to our
observations, phagocytized carboxylated beads increased side
scatter complexity/granulation with exposure. However, this
change in side scatter was not observed when those authors used
aminated beads. In contrast to the cationic PSP toxicity observed
by others, neither of their bead types resulted in toxicity as mea-
sured with LDH release, but exposures did generate signiﬁcant ele-
vations in reactive oxygen species. Interestingly, the carboxylated
beads caused elevated levels of tumor necrosis factor alpha
(TNF-a), which may signify an early inﬂammatory response to
exposure. Our unpublished data with the anionic beads did not
demonstrate any signiﬁcant changes in J774A.1 TNF-a levels dur-
ing our exposure period.
We determined that differences in PSP concentration could not
be measured with side scatter and phagocytosis-coupled ﬂow
cytometry. This result contrasts with some studies that have
demonstrated that side scatter could differentiate among concen-
trations of titanium-, tungsten-, and diamond-based particles
[6,11]. However, these studies did not examine PSPs, and it is pos-
sible that the granularity (and side scatter) generated by uptake of
PSPs was different from that of NPs they tested. This is supported
by Zucker and coworkers, who discussed that many factors inﬂu-
ence forward and side light scatter [6]. Some of these were size
and volume of the particle, light absorption characteristics, and
internal complexity of the cell (e.g., granularity). In contrast, we
were able to distinguish the concentration of particles by ﬂuores-
cence, which may be independent of intracellular contributions.
Although the minimum PSP size that could be discriminated
was in the range of 200 nm, smaller particles (i.e., 20 and
100 nm) were still detectable using ﬂuorescence measurements.
We propose that the capacity of phagocytosis-coupled ﬂow cytom-
etry to detect these small particles is especially important in cases
where discrimination of particle sizes is not as important as the
conﬁrmation of exposure or cellular internalization.
Mixtures of J774A.1 cells containing different-sized particles
demonstrated that size could be distinguished only if each cell con-
tained PSPs of one size class. This result demonstrates a limitation
of phagocytosis-coupled ﬂow cytometry to identify particle size
when used with mixed size populations of particles. It is possible
that the differences in ﬂuorescence observed among the various
size classes may be due to different sizes of the agglomerates
Fig.5. Discrimination of PSP size from pooled cells. (A and B) J774A.1 cells incubated for 24 h with a single size of PSPs (108 PSPs/ml, line traces) were scraped and pooled with
those of other sizes (shaded peaks) before acquisition by ﬂow cytometry. (C and D) J774A.1 cells were ﬁrst incubated for 24 h with a mixture different PSP sizes (shaded
peaks) and compared with data acquired from macrophages containing single PSP sizes (line traces).
46 Phagocytosis-coupled ﬂow cytometry of particles / E. Mutzke et al. / Anal. Biochem. 483 (2015) 40–46within the cells. This is consistent with the ﬁnding that if PSPs
were premixed, the cells appeared as if they contained only the lar-
gest particles. In addition, some small peaks were visible in
Fig. 5C and D, which correspond to the ﬂuorescence of the 200-,
500-, and 1000-nm beads. It is possible that these small peaks rep-
resent cells that predominantly contained one size of particle.
The results shown here demonstrate that phagocytosis-coupled
ﬂow cytometry can be used for detection of a wide range of particle
sizes following uptake by macrophages. This is especially impor-
tant for detection of particles that inherently have a low electron
density and, as such, are not amenable to electron microscopy.
Further work will be done to study the effects of PSPs on different
phagocytic cell types and different particle compositions.Acknowledgments
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